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Connections with fast systems

Connections with fast systems

o Low dimensional control parametrization is a key issue in
deriving fast NMPC formulations

o Sampling time for the measurement acquisition is ~ 10 s

o Emergence of Nano-reactors on ship.
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Problem statement
[

Mathematical model of the polymerization reactor

Simplified model of the LAGEP's prolymerization reactor
NT = F
V = F—R,(N",N,T,V)
. 1
T = e [(-AH)R, + UA(T, = T) + Qrea( T, F)
- MW, . .
vV = . F [u=(F, T;)7 is the control input)

NT Total number of monomers
Number of remaining monomers
Input flow rate

Reaction rate

Temperature

Jacket temperature

Volume of the reaction zone.

<S—4X3XTM=
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Problem statement
[

Mathematical model of the polymerization reactor

Simplified model of the LAGEP's prolymerization reactor

NT = F
\ = FﬁRP(NTvNa T7 V)
. 1
T = VG, [(—AH)R,, + UA(T; — T) + Qreea(T, F)]
vV = I\/Ime -F [u=(F, T;)7 is the control input)
Ry = p-V-kpoe BED MmN, N)
% it T(NT,N)>0

M(N,NT) = — N otherwise

MW, (’VT "’+"’)

MWm 1_¢p MWm T
rNT,N) = N — G NT—N)| >0
(NT.N) o Pl el O]
Qfeed(T7 F) = F. Cp,feed(Tfeed_ T)
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Problem statement
[

Mathematical model of the polymerization reactor

Simplified model of the LAGEP's prolymerization reactor
NT = F
V = F—R,(N",N,T,V)
- 1
T = e [(-AH)R, + UA(T, = T) + Qrea( T, F)
v = Mme -F [u=(F, T;)7 is the control input)
X = f(x,u)
x = (N N T V)
v = (F 1)
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Problem statement

Control objective & Constraints

NT o= F
\ F_RP(NT7N7 Ta V)

1
= —AH)R, AT, — T e T,F]
E [(CARIRy & UA(T, = T) + Quea(T, F)
vV = MW | F [u= (F, T;) is the control input]
Pm
tf
Control objective max [/ RP(T)dT]
(FC), Ti(-NeulJy
Constraints
F €0, Fnax] ' Maximum flow rate
(T;, T) e [T;™, T;"™] x [T™, T™™] Admissible temperature ranges
|Tj| < 1™ Thermal inertia of the jacket
Qr = (AH) - R, < Qg™ Maximum allowed heat production.
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The parametrized NMPC solution
[ Je]

The open-loop control parametrization

What is a good control parametrization

o Few number of decision variables
o Sufficiently rich to contain good solutions
o Structurally meeting constraints

Do not forget that :

Resulting Receding-Horizon closed-loop behavior is
more rich than open-loop parametrization
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The parametrized NMPC solution
oe

The open-loop control parametrization

() Frnax

Jws

pmaz P!
7

T;(0)

i £(0)

1) = Sat]n (T0) + [ w(r)dr)  F@) = (F = FO)(1- ¢ ) +FO)
with the signal w(-) defined by :

(i‘) o w1 if t<tp
w T wWo if te [tl, Tp]
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The parametrized NMPC solution
oe

The open-loop control parametrization

() Frax
Jws
Tpar [P
w, ’
o)
e F(0)
0 t tr o 75
wi . . .
Fner Constraints structurally satisfied
J
min max
wo —,—J € [7—1 _7 —rj ]
Tmax |T'maX| — Tmax
- J 2 2 J J
p = €[-1,1]° x [0,1] F € [0, Frmx]
f
tf
Ff
Fmax
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The parametrized NMPC solution
oe

The open-loop control parametrization

T;(0)

Ti()

Frnax

pmaz P!
7

i £(0)

wi
Fmax
J

w2
Tmax
J

ty

tf

Ff

Frmax

75

Constraints structurally satisfied

Tj c [ijin7 ijax]

|7'-jma><| _ 7'—jmax

€[-1,1* x [0,1]? F € [0, Frn]

Remaining constraint to be handled
Qr = (AH) - R, < QR




The parametrized NMPC solution

[ I}

The modified cost function

tr
Originally J(p) = (F(-)r,%a(?())eu [/0 Rp(T)dT]

But Ro(T) = NT — N

Therefore J(p) = N7 (tr) — N(tr)




The parametrized NMPC solution

The modified cost function

tr
Originall J(p) = Ro(7)d
riginally (p) O e [/0 »(T) T]
But Ro(T) = NT — N
Therefore J(p) = N7 (tr) — N(tr)

Modified cost function

J(p) = [1 . max(O, sup M) N(te) — N (tr)

€ rel0.t] QR™

M. Alamir, N. Sheibat-Othman, S. Othman

Parametrized NMPC fol tion Process (NMPC-FS'06, Grenoble October 9.



The parametrized NMPC solution

The modified cost function

tr
Originall J(p) = Ro(7)d
riginally (p) O e [/0 »(T) T]
But Ro(T) = NT — N
Therefore J(p) = N7 (tr) — N(tr)

Modified cost function

J(p) = [1 — é max(O, sup M)

eyl QR
B Qn(r)— QI 20
<0 if sup,gpo R(;)TXR >e€

The solution cannot violate the constraint by more than £%.
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The parametrized NMPC solution

oe

The modified cost function

To summarize

The original constrained problem is transformed into a 4-dimensional
optimization problem to be solved on the hyper-cube [—1,1]* x [0, 1]>.
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On model uncertainty
(]

Uncertainty on the dynamic model of

Ry is involved in the model, the cost function and the constraints
NT = F
\ = FﬁRP(NTvNa T7 V)
1
= Ve [(~AH)R, + UA(T; = T) + Qrea( T, F)
vV = Mme -F [u=(F, T;)7 is the control input]
tr
= (AH) - R, < Qg™ max Ry(T)dT
Qr = (BH) - R, < QF o [ Rinar]
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On model uncertainty
(]

Uncertainty on the dynamic model of

Ry is involved in the model, the cost function and the constraints
NT = F
N = F—R,(N",N,T,V)
1
= Ve [(~AH)R, + UA(T; = T) + Qrea( T, F)
vV = Mme -F [u=(F, T;)7 is the control input]
tr
= (AH) - R, < Qg™ max Ry(T)dT
Qr = (BH) - R, < QF o [ Rinar]

Large variations of p
Ry = p-kpoe EA/RD . M(N, NT) with unknown dynamic
But good measurement
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On model uncertainty

Typical behavior of uncertainty

Real impredictible behavior

o)

[ Sampling period T
I T
On-line measurements 3linom
TT— /<
—
[ A N Profile used
/ for robustness
check
=== = .._.7._._. R S S [ . Nominal value
A
L
///




Simulation results
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Fig. 3. Behavior of the closed loop system under the reced- Time (mm)
ing horizon feedback. Q** = 60, T;"** = 80°, T}""" = 50°, Fig. 4. Behavior of the closed loop system under the same
Frnaz = 0001 mol/s. A = 1/10s™". Sampling period conditions as Fig. 3 with a lower maximal allowable flow rate
7, =1 min. ¢ = 0.05. Tnitial conditions N(0) = N*(0) = 1, Fraz = 0.0008. Note how the controller saturates the two

T =50 V(0)=2 control inputs in order to meet the control objective (remain

Q" taken equal to 60. close to the maximal allowable heat production Q%" = 60.




Simulation results
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Fig. 5. Evolution of the optimal parameter vector Time (mm)
p(k7s) € P € [~1,1)% x [0,1]? during the batch depicted on Fig. 4. Behavior of the closed loop system under the same
Fig. 4. conditions as Fig. 3 with a lower maximal allowable flow rate

Frax = 0.0008. Note how the controller saturates the two

control inputs in order to meet the control objective (remain

close to the maximal allowable heat production Q%** = 60.




Simulation results
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L L L L L L L Fig. 7. The computation times needed to solve the four di-
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Time (min)

mensional optimization problem at each sampling instant of

Fig. 6. Behavior of the closed loop system under the same . . -
the scenario depicted in Fig. 6. The upper bound of the ex-

conditions as Fig. 3 with the model uncertainty on the con-
ecution times (say 0.5 s) is to be compared to the sampling

centration of radicals given by (21). Case where ¢y = 2,
period 75 = 60 s.
namely, the value of y in (5) increases linearly from finom to
3 ftnom during the reaction time interval [0, Thatcn). The dy- Nedler Mead si mpleX a|gorith m limited
namics of p is unknown to the controller but current values to 100 iterations

are accessible to measurement according to section 2.2.
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Experiments
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Fig. 8. Experimental validation of the controller. The heat Fig. 9. Experimental validation of the controller. Reactor Fig. 10. Experimental validation of the controller. Controlled

produced by the reaction with a maximal constraint at 60 W and jacket temperatures ‘monomer flow rate and the reaction rate
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Experiments

Heat produced by the reaction Monomer input fow rate
120
30E3
100 Number of moles of radicals in the polymer particles 25E3 1
5.E-6
80 4E6 n 20E3
b Ade L »
3 60— o L 3ES 3 1563
V w U H 3E6 3
40 2E6 L1083
Real o
3 S0E4
20 5E-7
0E+0 00EH a8 i Lz.‘
0 . . . . . . . . 0 20 40 60 “meeo(ml n1)00 120 140 160 » 4 0 10 1
0 20 40 60 §0 100 120 140 160 0046 810011
Time (vin) Fig. 12. Experimental validation of the controller. Number Tme i)
of moles of radicals in the polymer particles ( )
Fig. 8. Experimental validation of the controller. The heat Fig. 10. Experimental validation of the controller. Controlled

produced by the reaction with a maximal constraint at 60 W ‘monomer flow rate and the reaction rate




Conclusion & future work

o Oversimplified model
o Fast computation enabling use in miniaturized reactors
o Ready-to-use scheme with more sophisticated models

Future work

o Deriving dynamic model for 1
o Copolymerization reactors
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